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Ramsey spectroscopy via coherent population trapping (CPT) is essential in precision measure-
ments. The conventional CPT-Ramsey fringes contain numbers of almost identical oscillations and
so that it is difficult to identify the central fringe. Here, we experimentally demonstrate a temporal
spinwave Fabry-Pe´rot interferometry via double-Λ CPT of laser-cooled 87Rb atoms. Due to the
constructive interference of temporal spinwaves, the transmission spectrum appears as a comb of
equidistant peaks in frequency domain and thus the central Ramsey fringe can be easily identified.
From the optical Bloch equations for our five-level double-Λ system, the transmission spectrum
is analytically explained by the Fabry-Pe´rot interferometry of temporal spinwaves. Due to small
amplitude difference between the two Lande´ factors, each peak splits into two when the external
magnetic field is not too weak. This “unexpected” peak splitting can be employed to measure an
unknown magnetic field without involving magneto-sensitive transitions.
Coherent population trapping (CPT) [1], a result of de-
structive quantum interference between different transi-
tion paths, is of great importance in quantum science and
technology. CPT spectroscopy has been extensively em-
ployed in quantum engineering and quantum metrology,
such as, all-optical manipulation [2–7], atomic cooling [8],
atomic clocks [9–12], and atomic magnetometers [13–16].
To narrow the CPT resonance linewidth, one may imple-
ment Ramsey interferometry in which two CPT pulses
are separated by an integration time of the dark state for
a time duration T [10, 17, 18]. In a CPT-Ramsey inter-
ferometry, the fringe-width ∆υ=1/(2T ) is independent
of the CPT laser intensity and so that one may narrow
the linewidth via increasing the time duration T [10, 18].
However, it becomes difficult to identify the central CPT-
Ramsey fringe from adjacent ones, since the adjacent-
fringe amplitudes are almost equal to the central-fringe
amplitude [19, 20]. Thus it becomes very important to
suppress the non-central fringes.
In order to suppress the non-central fringes, a widely
used and highly efficient way is inserting a CPT
pulse sequence between the two CPT-Ramsey pulses.
By employing the techniques of multi-pulse phase-
stepping [21, 22] or repeated query [20], the non-
central fringes have been successfully suppressed. Sim-
ilarly, high-contrast transparency comb [23] has been
achieved via electromagnetically-induced-transparency
multi-pulse interference [24]. The existed experiments
of multi-pulse CPT interference are almost performed
under the σ-σ configuration, in which the two-photon
transition occurs between states of the same magnetic
quantum number. However, under the σ-σ configura-
tion, atoms will gradually accumulate in a “trap” state
that does not contribute ground-state coherence [25]. To
eliminate undesired atomic accumulations with no con-
tributions to ground-state coherence, one may employ
the lin||lin configuration [26–29]. Under the lin||lin con-
figuration, a five-level double-Λ system is constructed by
simultaneously coupling two sets of ground states to a
common excited state. Up to now, the multi-pulse CPT
interference has never been demonstrated in experiments
under the lin||lin configuration.
Moreover, by employing multi-beam interference, the
optical Fabry-Pe´rot (FP) interferometer has been widely
used as a bandpass filter that transmits light of certain
frequencies [30, 31]. In analogy to multi-beam interfer-
ence in spatial domain, multi-pulse interference in tempo-
ral domain has been proposed for two-level systems [32]
and three-level Λ systems [24, 33]. The multi-pulse in-
terferences, such as Carr-Purcell decoupling [34] and pe-
riodic dynamical decoupling [35], have enabled versatile
applications in quantum sensing [36] from narrower spec-
tral response, sideband suppression, to environmental
noise filtering. To the best of our knowledge, it is the
first time that we demonstrate the temporal spinwave FP
interferometry via multi-pulse CPT-Ramsey interference
in a double-Λ system.
In this Letter, based upon the double-Λ CPT in an
ensemble of laser-cooled 87Rb atoms under the lin||lin
configuration, we experimentally demonstrate the tem-
poral spinwave FP interferometry. The interferometry
is carried out with the multi-pulse CPT-Ramsey inter-
ference. Due to the temporal spinwave interference, the
transmission spectrum appears as a comb with multi-
ple equidistant interference peaks and the central CPT-
Ramsey fringe can be easily identified. The distance be-
tween adjacent peaks is exactly the repeated frequency
of the applied CPT pulses, analogous to the free spec-
tral range (FSR) of an optical cavity. Accordingly, side
fringes between two interference peaks are suppressed by
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2destructive interference. Based upon the optical Bloch
equations for the five-level double-Λ system, we develop
an analytical theory for the temporal spinwave FP inter-
ferometry and well explain the transmission spectrum in
experiments.
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FIG. 1: (Color online) Experimental schematic. (a) Energy
levels for double-Λ CPT of 87Rb under the lin||lin configura-
tion. The symbols are detailedly defined in the main texts.
(b) The schematic diagram of the experimental apparatus.
PBS: polarization beam splitter, EOPM: electro-optic phase
modulator, PD: photodetector, AOM: acousto-optic modula-
tor, GP: Glan prism. (c) Experimental timing sequence. A
periodic CPT pulse sequence with pulse length τ and pulse
period ∆T is inserted between two CPT-Ramsey pulses re-
spectively called as preparation and detection.
The experimental schematic is shown in Fig. 1.
Under the lin||lin configuration, two CPT fields are
linearly polarized to the same direction orthogonal to
the applied magnetic field. We choose the double-
Λ system constructed by the D1 line of 87Rb, see
Fig. 1(a). A bichromatic field with frequencies of ωa
and ωb simultaneously couples two sets of ground states
{|1〉 = |Fg=1,mF= + 1〉, |2〉 = |Fg=1,mF= − 1〉} and
{|3〉 = |Fg=2,mF= + 1〉, |4〉 = |Fg=2,mF= − 1〉} to
the common excited state |5〉 = |Fe=1,mF=0〉. The
eigenfrequencies for five involved levels are respectively
ω1,±1, ω2,±1 and ωe. The two-photon detuning is
δ = (ωa − ωb) − ωhfs. Γ is the excited-state decay rate.
The Rabi frequencies for transitions from four ground
states to the common excited state are respectively
denoted by Ωa1,±1 and Ω
b
2,±1.
We perform the temporal spinwave FP interferometry
with laser-cooled atoms released from a magneto-optical
trap (MOT). The schematic diagram of our experimen-
tal apparatus is shown in Fig. 1(b). Within an ultra-
high vacuum cell with the pressure of 10−8 Pa, the 87Rb
atoms are cooled and trapped via a three-dimensional
MOT which is created by laser beams and a quadru-
ple magnetic field produced by a pair of magnetic coils.
Two external cavity diode lasers (ECDL) are used as the
cooling and repumping lasers that are locked to the D2
cycling transition with a saturated absorption spectrum
(SAS). In order to eliminate the stray magnetic field,
three pairs of Helmholtz coils are used to cancel ambient
magnetic fields. In addition, a pair of Helmholtz coil is
used to apply a bias magnetic field aligned with the prop-
agation direction of CPT laser beam to split the Zeeman
sublevels.
The CPT laser source is provided by an ECDL locked
to the |Fg=2〉 → |Fe=1〉 transition of 87Rb D1 line at 795
nm. The CPT beam is generated by modulating a single
laser with a fiber-coupled electro-optic phase modulator
(EOPM). The positive first-order sideband forms the Λ
systems with the carrier. The 6.835-GHz modulated fre-
quency matches the two hyperfine ground state. We set
the powers of the first-order sidebands equal to the car-
rier signal by monitoring their intensities with a FP cav-
ity. Following the EOPM, an acousto-optic modulator
(AOM) is used to generate the CPT pulse sequence. The
modulated laser beams are coupled into a polarization
maintaining fiber and collimated to an 8-mm-diameter
beam after the fiber. A Glan prism is used to purify the
polarization. Then the CPT beam is equally separated
into two beams by a half-wave plate and a polarization
beam splitter (PBS). One beam is detected by the pho-
todetector [PD2 in Fig. 1(b)] as a normalization signal
SN to reduce the effect of intensity noise on the CPT
signals. The other beam is sent to interrogate the cold
atoms and collected on the CPT photodetector as ST
[PD1 in Fig. 1(b)]. The transition signal (TS) are given
by STS=ST /SN .
The experimental timing sequence is shown in
Fig. 1(c). Before implementing the CPT-Ramsey inter-
ferometry, about 107 87Rb atoms are cooled and trapped
within a 100-ms cooling period. Then the atoms are in-
terrogated under free fall after turning off the MOT mag-
netic field and the cooling laser beams. In order to make
sure that the MOT magnetic field decays to zero, the
CPT beams accompanied with a bias magnetic field are
applied after 1 ms waiting time. The first CPT-Ramsey
pulse with a duration of 0.3 ms is used to pump the
atoms into the dark state and here called as prepara-
tion. If no following pulses are applied, through averag-
ing the collected voltage signals of this pulse after a de-
lay of 15 µs, the single-pulse CPT spectrum is obtained
by scanning the modulation frequency of EOPM, see
Fig. 2(a). By fitting the spectrum with a Lorentz shape,
its full width at half maximum (FWHM) is given as 27
375 50 25 0 25 50 75
0.0
0.5
1.0
CPT(a) Numerical
Experimental
75 50 25 0 25 50 75
0.0
0.5
1.0
Ramsey(b)
75 50 25 0 25 50 75
0.0
0.5
1.0
N = 1(c)
75 50 25 0 25 50 75
0.0
0.5
1.0
No
rm
al
ize
d 
TS
N = 3(d)
75 50 25 0 25 50 75
0.0
0.5
1.0
N = 7(e)
75 50 25 0 25 50 75
0.0
0.5
1.0
N = 15(f)
75 50 25 0 25 50 75
/2  (kHz)
0.0
0.5
1.0
N = 31(g)
FIG. 2: (Color online) Experimental transmission signals
(TS) for different schemes. (a) A Lorentz fitting of single-
pulse CPT spectrum shows a full width at half maximum
(FWHM) is 27 kHz. (b) Two-pulse CPT-Ramsey spectrum is
obtained with a integration time of 0.5 ms. (c)-(g) Multi-pulse
CPT-Ramsey spectra via temporal spinwave FP interferom-
etry of N equidistant pulses with a length τ=2 µs into the
integration time of 0.5 ms.
kHz. By comparing the numerical spectrum obtained
from the optical Bloch equations, the four Rabi frequen-
cies are estimated as ±Ωa1,+1= 1√3Ωb2,±1= 1.252pi MHz. The
CPT-Ramsey spectra are given by sampling the signal
voltages during the detection pulse (the second CPT-
Ramsey pulse) after a delay of 2 µs. Without additional
CPT pulses between the two CPT-Ramsey pulses, the
spectrum gives the conventional CPT-Ramsey spectrum,
see Fig. 2(b). Obviously, in such a conventional CPT-
Ramsey spectrum, the central fringe cannot be readily
distinguished from neighbouring fringes.
The temporal spinwave FP interferometry is performed
by inserting a periodic CPT pulse sequence between
the two CPT-Ramsey pulses. The minimum length of
a single pulse is limited to 1 µs, given by the preci-
sion of the controlled digital I/O devices. In Fig. 2(c)-
(g), we show the spectra for different pulse numbers N .
Given the pulse length τ=2 µs and the integration time
T = 0.5 ms, because of the constructive interference,
high-contrast transmission peaks gradually appear when
the pulse number N increases. The distance between
two neighboring peaks is exactly given by the repeated
frequency. Due to the destructive interference, the back-
ground becomes more flat while the pulse number N in-
creases, which makes the central fringe more distinguish-
able at a small expense of the linewidth.
We theoretically analyze the aspects of temporal spin-
wave FP interference using the Bloch equations for a five-
level atomic system and obtain an analytical expression
for the spectra. Generally, by ignoring the ground states
exchange, the time-evolution is governed by a Liouville
equation [37, 38]
∂ρ
∂t
= − i
~
(Hˆρ− ρHˆ†) + ρ˙trans−decay + ρ˙src, (1)
with the density matrix ρ=
∑5
j=1
∑5
i=1 ρij |i〉〈j|, the
decoherence between ground states ρ˙trans−decay =∑4
j=2
∑j−1
i=1 (−γijρij |i〉〈j| + h.c.) with the decoherence
rates γij , the population decay ρ˙src =
∑4
i=1
Γ
4 ρ55|i〉〈i|,
and the Hamiltonian Hˆ = ~ [ (δ + g1 µB~ Bz)|1〉〈1| + (δ −
g1
µB
~ Bz)|2〉〈2|+g2 µB~ Bz|3〉〈3|−g2 µB~ Bz|4〉〈4|− iΓ2 |5〉〈5|+
Ω1
2 (|1〉〈5|+ |2〉〈5|+ h.c.) + Ω22 (|3〉〈5|+ |4〉〈5|+ h.c.) ].
Here, Bz is the bias magnetic field along the light prop-
agation direction, µB is the Bohr magneton, {Ω1 =
Ωa1,+1 = −Ωa1,−1,Ω2 = Ωb2,±1} are two Rabi frequen-
cies, and {g1, g2} are respectively the Lande´ g factors
for ground states F={1, 2}. For 87Rb, g1 and g2 have
a tiny different value but opposite signs, therefore there
are two magneto-insensitive transitions: |1〉 → |4〉 and
|2〉 → |3〉. Experimentally, each density matrix element
should be summed over the atoms contributing signals,
i.e. ρij=〈ρˆij〉 [39].
The CPT-based spectra are experimentally obtained
from the transmission of CPT light. The transmission
signal is proportional to (1− ρ55), that is, the absorp-
tion is proportional to the excited-state population ρ55.
For simplicity, we do not consider degenerate Zeeman
sublevels and set all four Rabi frequencies as the average
Rabi frequency [40]. To compare with the experimen-
tal observation, the average Rabi frequency can be given
as Ω=
√
(Ω21 + Ω
2
2) /2 [41]. Due to the large decoher-
ence rates {γ12, γ13, γ24, γ34} of magneto-sensitive tran-
sitions [42], the corresponding density matrix elements
{ρ12, ρ13, ρ24, ρ34} can be ignored near the magneto-
insensitive two-photon resonance. Thus, using the adi-
abatically eliminating and resonance approximation [43]
ρ55 =
Ω2
Γ2
+
2Ω2
Γ2
Re (ρ14 + ρ23) . (2)
Under the lin||lin configuration, for a weakly magnetic
field, the two CPT resonances are nearly identical [25,
29] as (g1 + g2)µBBz → 0. Applying N multiple CPT
pulses, we analytically obtain [38]
ρ55=
Ω2
Γ2
+
4Ω2
Γ2
Re[σ(δ)], (3)
with
σ(δ)=f(δ)
Nc∑
l=1
e−
Ω2
Γ
∑Nc
k=l+1 τ(k)
[
1− e−
(
Ω2
Γ +iδ
)
τ(l)
]
× e−iδ
∑Nc
k=l+1 ∆T (k).
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FIG. 3: (Color online) Linewidth aspects of the temporal spin-
wave FP interferometry. Where, the bias magnetic field is
chosen as Bz=0.116 G and the yellow arrows label the ex-
otic dips due to magneto-sensitive transitions. (a) The tem-
poral spinwave FP interferometry is analogous to the light
transmission in a FP cavity. Where, R and T are respec-
tively the reflection and the transmission coefficients, the cav-
ity length d = ∆Tc/2, and the free spectral range (FSR)
∆νFSR=c/2d=1/∆T . (b) The linewidth versus the pulse
number N with Ω= 1.77
2pi
MHz, T=0.5 ms and τ=2 µs. (c)
The linewidth versus the integration time T with Ω= 1.77
2pi
MHz, N= 15 and τ=2 µs. (d) The linewidth versus the pulse
length τ with Ω= 1.77
2pi
MHz, N=15 and ∆T=0.031 ms. (e)
The linewidth versus the average Rabi frequency Ω with τ=2
µs, N=15 and ∆T=0.031 ms.
Here, τ(l) and ∆T (l) are respectively the length and the
interval for the l-th CPT pulse, f(δ)= − Ω2
4Γ
(
iδ+ Ω
2
Γ
) , and
Nc=N + 2 is the total number of CPT pulses includ-
ing the preparation and detection pulses. To consistent
with our experiment, the pulse length and the pulse in-
terval are chosen as τ(l)=τ and ∆T (l)=∆T , respectively.
Therefore σ(δ) can be simplified as
σ(δ) =
Nc∑
l=1
σl(δ), (4)
with σl(δ)=f(δ)R(l−1)T e−i(l−1)δ∆T , the reflection coef-
ficient R ≡ e−Ω2Γ τ, and the transmission coefficient
T ≡ 1 − e−
(
Ω2
Γ +iδ
)
τ
. Obviously, Eq. (4) is analogous
to the light transmission in a FP cavity, see Fig. 3(a).
According to Eq. (4), constructive interferences occur at
δ∆T=2mpi (m ∈ Z), which exactly give the resonance
peaks in our experimental spectra (see Fig. 2).
To further show the power of our analytical re-
sults, we compare the experimental, numerical and
analytical linewidths. In analogy to the linewidth
of FP cavity, the FWHM of spectrum [44] can
be given as ∆ν=(2∆νFSR/pi) arcsin
[
(1−√R)/(2 4√R)
]
with ∆νFSR=1/∆T corresponding to the FSR of FP cav-
ity. Accordingly, the linewidth will increase with the
FSR which is proportional to the repeated frequency of
inserted CPT pulses. Fig. 3 clearly shows that the ex-
perimental results are well consistent with the analytical
and numerical ones. The linewidth increases with the
pulse number N for a given integration time T , while
it will decrease with the integration time T for a given
pulse number N . However, as labelled by the yellow
arrows in Fig. 3 (b,c), there appear some exotic dips
in the experimental and numerical results. These ex-
otic dips are actually caused by a tiny contribution of
magneto-sensitive transitions under the resonant condi-
tion m/(Bz∆T ) = 1.4 MHz/G, see more details in Sup-
plementary Information. The linewidth increases with
the pulse length τ and the average Rabi frequency Ω
when the other parameters are fixed, see Fig. 3 (d,e).
Here, the Rabi frequency is experimentally obtained by
fitting CPT line shape with f(δ). As the reflection co-
efficient R=e−Ω2Γ τ, this indicates that the linewidth de-
creases with the reflection coefficient.
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FIG. 4: (Color online) Experimental TS (blue dots) under
different bias magnetic fields Bz. In the experiments, 15 CPT
pulses with length τ = 2 µs are applied during the integration
time T = 1.6 ms. The numerical results (red lines) is fitted
with Ω = 1.6
2pi
MHz. The vertical gray dash line labels δ = 0.
(a) Bz = 0.07 G. (b) Bz = 0.462 G.
In above, due to the bias magnetic field is very weak,
the two magnetic-insensitive transitions |1〉 → |4〉 and
|2〉 → |3〉 show no difference. Actually, the two involved
Lande´ g factors g1= − 0.5017 and g2=0.4997 have small
amplitude difference and this difference will bring a fre-
quency shift 2|g1 + g2|µB~ Bz = 5568Bz Hz/G between
the two magnetic-insensitive transitions. Thus, as shown
in Fig. 4, each peak splits into two when the bias mag-
5netic field increases to a strength such that the frequency
shift is larger than the linewidth [38]. This “unexpected”
peak splitting is beneficial for not only eliminating linear
Zeeman shifts by averaging each pair of peaks, but also
measuring a magnetic field without involving magneto-
sensitive transitions.
In conclusion, we have experimentally demonstrated
a temporal spinwave FP interferometry via laser-cooled
87Rb atoms under the lin||lin configuration. The trans-
mission spectrum appears as a high-contrast comb, in
which a sequence of equidistant resonant peaks and non-
resonant plains are respectively due to constructive and
destructive interferences. We develop an analytical the-
ory for the temporal spinwave FP interferometry based
upon the optical Bloch equations for our five-level double-
Λ CPT system. Beyond identifying the central CPT-
Ramsey fringe, our scheme could be directly used to mea-
sure clock transition frequency [9–12] and static magnetic
field [13–16]. The temporal spinwave FP interferometry
protocol could be also extended to other systems, such
as, coherent storage of photons in EIT [45] and coherent
control of internal spin states in diamond defects [6] or
artificial atoms [46–48].
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Supplementary Material
Double-Λ system
The double-Λ system of laser-cooled 87Rb atoms can be described by a five-level model. We label the five levels as
(see Fig. S1):
|1〉 = |F = 1,mF = +1〉,
|2〉 = |F = 1,mF = −1〉,
|3〉 = |F = 2,mF = +1〉,
|4〉 = |F = 2,mF = −1〉,
|5〉 = |F ′ = 1,mF = 0〉.
(S1)
The time-evolution of system is governed by the Liouville equation for the density matrix [S1],
∂
∂t
ρ = − i
~
(
Hˆρ− ρHˆ†
)
+ ρ˙src + ρ˙trans−decay. (S2)
Here, the Hamiltonian Hˆ reads,
Hˆ = ~

∆1 − iγg2 0 0 0
Ωa1,+1
2
0 ∆2 − iγg2 0 0
Ωa1,−1
2
0 0 ∆3 − iγg2 0
Ωb2,+1
2
0 0 0 ∆4 − iγg2
Ωb2,−1
2
Ωa1,+1
2
Ωa1,−1
2
Ωb2,+1
2
Ωb2,−1
2 − iΓ2

. (S3)
In the presence of magnetic field, the diagonal terms of the Hˆ matrix are defined in terms of the two-photon detuning
(δ) and linear Zeeman shift (δZ1 and δZ2),
∆1 = δ + δZ1,
∆2 = δ − δZ1,
∆3 = δZ2,
∆4 = −δZ2.
(S4)
7𝛿
6.835 GHz
𝛿𝑍2
𝛿𝑍1
𝛿𝑍2
𝛿𝑍1 ۧ|2
ۧ|4
ۧ|1
ۧ|3
ۧ|5
Γ
Ω1,−1
𝑎 Ω1,+1
𝑎
Ω2,+1
𝑏Ω2,−1
𝑏
FIG. S5: Schematic of the five-level model. The double-Λ configuration of a linearly polarized bichromatic light can
be described by a five-level model. In the absence of the external magnetic field, the transition frequencies for |1〉 → |4〉
and |2〉 → |3〉 are both 6.835 GHz. When a small magnetic field Bz along z-axis is applied and the second-order Zeeman
effect is ignored, these Zeeman sublevels of the hyperfine ground state experience linear Zeeman shift as δZ1=g1µBBz/~ and
δZ2=g2µBBz/~, where g1=−0.5017 and g2=0.4997 are Lande´ g-factors, and µB=~ ·1.4 MHz/G is the Bohr magneton. Where,
Ωa1,±1 and Ω
b
2,±1 are Rabi frequencies.
As shown in Fig. , a bichromatic field with frequencies ωa and ωb couples the five levels. Because the laser frequency
ωb is kept resonant to the transition |Fg=2,mF=0〉 → |5〉, the two-photon detuning δ is equal to the single-photon
detuning δ1 between laser frequency ωa and the transition |Fg=1,mF=0〉 → |5〉. In Eq. S2, the density matrix is
written as
ρ =

ρ11 ρ12 ρ13 ρ14 ρ15
ρ∗12 ρ22 ρ23 ρ24 ρ25
ρ∗13 ρ
∗
23 ρ33 ρ34 ρ35
ρ∗14 ρ
∗
24 ρ
∗
34 ρ44 ρ45
ρ∗15 ρ
∗
25 ρ
∗
35 ρ
∗
45 ρ55
 , (S5)
and the term ρ˙src reads
ρ˙src =

Γ1
2 ρ55 0 0 0 0
0 Γ12 ρ55 0 0 0
0 0 Γ22 ρ55 0 0
0 0 0 Γ22 ρ55 0
0 0 0 0 0

+

γg
3 (ρ22 + ρ33 + ρ44) 0 0 0 0
0
γg
3 (ρ11 + ρ33 + ρ44) 0 0 0
0 0
γg
3 (ρ11 + ρ22 + ρ44) 0 0
0 0 0
γg
3 (ρ11 + ρ22 + ρ33) 0
0 0 0 0 0
 ,
(S6)
where γg is the ground states exchange rate, and Γ1,2 are the damping rates decaying from the excited states to the
ground states |F=1〉 and |F=2〉. Generally, one can assume Γ1 + Γ2=Γ.
The term ρ˙trans−decay accounts for the decay rate between ground states caused by dephasing and it is in form of
ρ˙trans−decay =

0 −γ12ρ12 −γ13ρ13 −γ14ρ14 0
−γ12ρ∗12 0 −γ23ρ23 −γ24ρ24 0
−γ13ρ∗13 −γ23ρ∗23 0 −γ34ρ34 0
−γ14ρ∗14 −γ24ρ∗24 −γ34ρ∗34 0 0
0 0 0 0 0
 . (S7)
8Here, the parameters {γ12, γ13, γ24, γ34} describe the dephasing of magneto-sensitive transitions and so that they are
sensitive to the fluctuations of magnetic field. [S2]. The {γ14, γ23} describe the dephasing of magneto-insensitive
transitions and can be regarded as zero.
Analytical Results
From Eq. S2, the optical Bloch equation reads
∂
∂tρ11 =
Γ1
2 ρ55 +
iΩa1,+1
2 ρ15 −
iΩa1,+1
2 ρ
∗
15 +
γg
3 (ρ22 + ρ33 + ρ44)− iρ11(∆1 − iγg2 ) + iρ11(∆1 + iγg2 ),
∂
∂tρ12 = −
iΩa1,+1
2 ρ
∗
25 +
iΩa1,−1
2 ρ15 − γ12ρ12 − iρ12(∆1 − iγg2 ) + iρ12(∆2 + iγg2 ),
∂
∂tρ13 = −
iΩa1,+1
2 ρ
∗
35 +
iΩb2,+1
2 ρ15 − γ13ρ13 − iρ13(∆1 − iγg2 ) + iρ13(∆3 + iγg2 ),
∂
∂tρ14 = −
iΩa1,+1
2 ρ
∗
45 +
iΩb2,−1
2 ρ15 − γ14ρ14 − iρ14(∆1 − iγg2 ) + iρ14(∆4 + iγg2 ),
∂
∂tρ15 = −Γ2 ρ15 +
iΩa1,+1
2 ρ11 −
iΩa1,+1
2 ρ55 +
iΩa1,−1
2 ρ12 +
iΩb2,+1
2 ρ13 +
iΩb2,−1
2 ρ14 − iρ15(∆1 − iγg2 ),
∂
∂tρ22 =
Γ1
2 ρ55 +
iΩa1,−1
2 ρ25 −
iΩa1,−1
2 ρ
∗
25 +
γg
3 (ρ11 + ρ33 + ρ44)− iρ22(∆2 − iγg2 ) + iρ22(∆2 + iγg2 ),
∂
∂tρ23 = −
iΩa1,−1
2 ρ
∗
35 +
iΩb2,+1
2 ρ25 − γ23ρ23 − iρ23(∆2 − iγg2 ) + iρ23(∆3 + iγg2 ),
∂
∂tρ24 = −
iΩa1,−1
2 ρ
∗
45 +
iΩb2,−1
2 ρ25 − γ24ρ24 − iρ24(∆2 − iγg2 ) + iρ24(∆4 + iγg2 ),
∂
∂tρ25 = −Γ2 ρ25 +
iΩa1,+1
2 ρ
∗
12 +
iΩa1,−1
2 ρ22 −
iΩa1,−1
2 ρ55 +
iΩb2,+1
2 ρ23 +
iΩb2,−1
2 ρ24 − iρ25(∆2 − iγg2 ),
∂
∂tρ33 =
Γ2
2 ρ55 +
iΩb2,+1
2 ρ35 −
iΩb2,+1
2 ρ
∗
35 +
γg
3 (ρ11 + ρ22 + ρ44)− iρ33(∆3 − iγg2 ) + iρ33(∆3 + iγg2 ),
∂
∂tρ34 = −
iΩb2,+1
2 ρ
∗
45 +
iΩb2,−1
2 ρ35 − γ34ρ34 − iρ34(∆3 − iγg2 ) + iρ34(∆4 + iγg2 ),
∂
∂tρ35 = −Γ2 ρ35 +
iΩa1,+1
2 ρ
∗
13 +
iΩa1,−1
2 ρ
∗
23 +
iΩb2,+1
2 ρ33 −
iΩb2,+1
2 ρ55 +
iΩb2,−1
2 ρ34 − iρ35(∆3 − iγg2 ),
∂
∂tρ44 =
Γ2
2 ρ55 +
iΩb2,−1
2 ρ45 −
iΩb2,−1
2 ρ
∗
45 +
γg
3 (ρ11 + ρ22 + ρ33)− iρ44(∆4 − iγg2 ) + iρ44(∆4 + iγg2 ),
∂
∂tρ45 = −Γ2 ρ45 +
iΩa1,+1
2 ρ
∗
14 +
iΩa1,−1
2 ρ
∗
24 +
iΩb2,+1
2 ρ
∗
34 +
iΩb2,−1
2 ρ44 −
iΩb2,−1
2 ρ55 − iρ45(∆4 − iγg2 ),
∂
∂tρ55 = −Γρ55 −
iΩa1,+1
2 ρ15 +
iΩa1,+1
2 ρ
∗
15 − iΩ
a
1,−1
2 ρ25 +
iΩa1,−1
2 ρ
∗
25 − iΩ
b
2,+1
2 ρ35
+
iΩb2,+1
2 ρ
∗
35 − iΩ
b
2,−1
2 ρ45 +
iΩb2,−1
2 ρ
∗
45.
(S8)
As the direct population exchange rate between ground states is small, one may set ground states exchange rate γg=0.
The decaying from excited states to the ground states |F=1〉 and |F=2〉 satisfy Γ1 : Γ2=1 : 3. In our experiment,
the intensities of bichromatic light field are equal, so the four Rabi frequencies satisfy [S1, S3],
Ωa1,+1 : Ω
a
1,−1 : Ω
b
2,+1 : Ω
b
2,−1 = 1 : −1 :
√
3 :
√
3. (S9)
For simplicity, in theoretical analysis we do not consider degenerate Zeeman sublevels [S4], and set all four Rabi
frequencies as the average Rabi frequency and the damping rates Γ1=Γ2=Γ. To compare with the experimental
observation, the average Rabi frequency can be given as Ω=
√[
(Ωa1,±1)2 + (Ω
b
2,±1)2
]
/2 [S5]. Using the adiabatically
eliminating (which implies consideration of the system at times t 1Γ and ∂∂tρ55≈0) [S6], solving Eq. S8, the excited
state population can be given
ρ55 ≈ Ω
Γ
(Im (ρ15) + Im (ρ25) + Im (ρ35) + Im (ρ45)) , (S10)
which is relevant to the light absorption [S7]. For 87Rb atoms, the excited-state decaying rate of D1 line is Γ=2pi ·5.75
MHz, and so that the accumulated excited-state population ρ55 is small comparing with that of ground states. Thus,
in the near resonant region of δ  Γ, we can simplify the time-evolution as
∂
∂tρ15 ≈ −Γ2 ρ15 + iΩ2 ρ11 + iΩ2 (ρ12 + ρ13 + ρ14) ,
∂
∂tρ25 ≈ −Γ2 ρ25 + iΩ2 ρ22 + iΩ2 (ρ∗12 + ρ23 + ρ24) ,
∂
∂tρ35 ≈ −Γ2 ρ35 + iΩ2 ρ33 + iΩ2 (ρ∗13 + ρ∗23 + ρ34) ,
∂
∂tρ45 ≈ −Γ2 ρ45 + iΩ2 ρ44 + iΩ2 (ρ∗14 + ρ∗24 + ρ∗34) .
(S11)
9Under adiabatically eliminating, solving Eq. S11, we can get
ρ15 ≈ iΩΓ (ρ11 + ρ12 + ρ13 + ρ14) ,
ρ25 ≈ iΩΓ (ρ22 + ρ∗12 + ρ23 + ρ24) ,
ρ35 ≈ iΩΓ (ρ33 + ρ∗13 + ρ∗23 + ρ34) ,
ρ45 ≈ iΩΓ (ρ44 + ρ∗14 + ρ∗24 + ρ∗34) .
(S12)
The population of excited-state ρ55  1, then the population of ground state ρ11 + ρ22 + ρ33 + ρ44 ≈ 1. Thus Eq. S10
reads
ρ55 =
Ω2
Γ2
(ρ11 + ρ22 + ρ33 + ρ44 + 2Re (ρ12) + 2Re (ρ34)
+2Re (ρ13) + 2Re (ρ24) + 2Re (ρ14) + 2Re (ρ23))
=
Ω2
Γ2
(1 + 2Re (ρ12) + 2Re (ρ34) + 2Re (ρ13)
+2Re (ρ24) + 2Re (ρ14) + 2Re (ρ23)) .
(S13)
This means that the excited-state population ρ55 is relevant to the real parts of six density-matrix elements
{ρ12, ρ34, ρ13, ρ24, ρ14, ρ23} [S6]. Combining Eq. S8 and Eq. S12, the time-evolution can be described by
∂
∂tρ12 = −Ω
2
4Γ
(
1
2 + 2ρ12 + ρ13 + ρ14 + ρ
∗
23 + ρ
∗
24
)− iρ12∆12,
∂
∂tρ34 = −Ω
2
4Γ
(
1
2 + 2ρ34 + ρ
∗
13 + ρ
∗
23 + ρ14 + ρ
∗
24
)− iρ23∆34,
∂
∂tρ13 = −Ω
2
4Γ
(
1
2 + 2ρ13 + ρ12 + ρ14 + ρ23 + ρ
∗
34
)− iρ13∆13,
∂
∂tρ24 = −Ω
2
4Γ
(
1
2 + 2ρ24 + ρ
∗
12 + ρ23 + ρ14 + ρ34
)− iρ24∆24,
∂
∂tρ14 = −Ω
2
4Γ
(
1
2 + 2ρ14 + ρ12 + ρ13 + ρ24 + ρ34
)− iρ14∆14,
∂
∂tρ23 = −Ω
2
4Γ
(
1
2 + 2ρ23 + ρ
∗
12 + ρ24 + ρ13 + ρ
∗
34
)− iρ23∆23.
(S14)
Where 
∆12 = ∆1 −∆2 − iγ12,
∆34 = ∆3 −∆4 − iγ34,
∆13 = ∆1 −∆3 − iγ13,
∆24 = ∆2 −∆4 − iγ24,
∆14 = ∆1 −∆4 − iγ14,
∆23 = ∆2 −∆3 − iγ23.
(S15)
Subjected to bias magnetic field, the resonances of magneto-sensitive transitions are sufficiently separated in frequency
to not overlap with the magneto-insensitive transitions, Eq. S14 can be further simplified as
∂
∂tρ12 ≈ −Ω
2
2Γ
(
1
2 + 2ρ12
)− iρ12∆12,
∂
∂tρ34 ≈ −Ω
2
2Γ
(
1
2 + 2ρ34
)− iρ34∆34,
∂
∂tρ13 ≈ −Ω
2
2Γ
(
1
2 + 2ρ13
)− iρ13∆13,
∂
∂tρ24 ≈ −Ω
2
2Γ
(
1
2 + 2ρ24
)− iρ24∆24,
∂
∂tρ14 ≈ −Ω
2
2Γ
(
1
2 + 2ρ14
)− iρ14∆14,
∂
∂tρ23 ≈ −Ω
2
2Γ
(
1
2 + 2ρ23
)− iρ23∆23.
(S16)
If Ω remains unchanged for a period of time, by solving Eq. S16, the solution of ρ14 is
ρ14 (t0 + t) = f(∆14)
(
1− e−
(
i∆14+
Ω2
Γ
)
t
)
+ ρ14 (t0) e
−
(
i∆14+
Ω2
Γ
)
t
(S17)
with
f(x) = − Ω
2
4Γ
(
ix+ Ω
2
Γ
) , (S18)
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FIG. S6: Time sequence of multi-pulses. Each pulse length τ (k) and pulse interval ∆T (k) (k ∈ N) are variable.
and t0 is the initial time and t is the evolution time.
When a sequence of pulses is applied, ρ14 depends on the pulse length τ(k) and the pulse interval ∆T (k) as shown
in Fig. S6. Given ρ14(0)=0, according to Eq.S17, after the first pulse, we have
ρ114 = f(∆14)
(
1− e−
(
Ω2
Γ +i∆14
)
τ(1)
)
= f(∆14)
1∑
l=1
e−
Ω2
Γ
∑1
k=l+1 τ(k)
[
1− e−
(
Ω2
Γ +i∆14
)
τ(l)
]
e−i∆14
∑1
k=l+1 ∆T (k).
(S19)
Similarly, assume that after the Nt-th (Nt ∈ N) pulse, we have
ρNt14 = f(∆14)
Nt∑
l=1
e−
Ω2
Γ
∑Nt
k=l+1 τ(k)
[
1− e−
(
Ω2
Γ +i∆14
)
τ(l)
]
e−i∆14
∑Nt
k=l+1 ∆T (k). (S20)
Before applying the (Nt + 1)-th pulse τ(Nt + 1), there is a time duration of ∆T (Nt + 1) − τ(Nt + 1) without CPT
light, thus we have
ρNt+114 = f(∆14)
(
1− e−
(
Ω2
Γ +i∆14
)
τ(Nt+1)
)
+ ρNt14 e
−i∆14(∆T (Nt+1)−τ(Nt+1)) × e−
(
Ω2
Γ +i∆14
)
τ(Nt+1)
= f(∆14)
Nt+1∑
l=1
e−
Ω2
Γ
∑Nt+1
k=l+1 τ(k)
[
1− e−
(
Ω2
Γ +i∆14
)
τ(l)
]
e−i∆14
∑Nt+1
k=l+1 ∆T (k).
(S21)
Note that if l + 1>Nt,
∑Nt
k=l+1(· · · )=0. Then when Nc pulses are applied, we have
ρ14(Nc∆T ) = σ (∆14) , (S22)
where
σ(x) = f(x)
Nc∑
l=1
e−
Ω2
Γ
∑Nc
k=l+1 τ(k)
[
1− e−
(
Ω2
Γ +ix
)
τ(l)
]
e−ix
∑Nc
k=l+1 ∆T (k). (S23)
Similar to the derivation of ρ14, one can easily obtain
ρij(Nc∆T ) = σ (∆ij) (i, j ∈ {1, 2, 3, 4}, i 6= j). (S24)
Analog to the Fabry-Pe´rot cavity
According to Eq. S13 and Eq. S24, ρ55 can be expressed as
ρ55 =
Ω2
Γ2
{
1 + 2Re [σ(∆12)] + 2Re [σ(∆34)] + 2Re [σ(∆13)]
+ 2Re [σ(∆24)] + 2Re [σ(∆14)] + 2Re [σ(∆23)]
}
.
(S25)
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Since the dephasing as well as the detuning near center resonance in magneto-sensitive coupling are large, so that
{ρ12, ρ34, ρ13, ρ24} can be neglected around δ=0, that is,
ρ55 =
Ω2
Γ2
{
1 + 2Re [σ(∆14)] + 2Re [σ(∆23)]
}
. (S26)
Considering the weak magnetic field such that |g1 +g2|µBBz/~ FWHM (where FWHM is linewidth of conventional
CPT spectrum) and γ14=γ23=0, we have
∆14 ≈ ∆23 ≈ δ. (S27)
Thus Eq. S26 can be further simplified as
ρ55 =
Ω2
Γ2
{
1 + 4Re [σ(δ)]
}
. (S28)
Fixing the pulse length τ(k)=τ and the pulse interval ∆T (k)=∆T , according to Eq. S23, we have
σ(δ) = f(δ)
Nc∑
l=1
e−
Ω2
Γ (Nc−l)τ
[
1− e−
(
Ω2
Γ +iδ
)
τ
]
e−iδ(Nc−l)∆T
= f(δ)
Nc∑
l=1
R(Nc−l)T e−i(Nc−l)δ∆T
= f(δ)
Nc∑
l=1
R(l−1)T e−i(l−1)δ∆T
=
Nc∑
l=1
σl(δ),
(S29)
where σl(δ)=f(δ)R(l−1)T e−i(l−1)δ∆T . Obviously, Eq. S29 is analogous to the transmission of light in a Fabry-
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FIG. S7: Analytical results of different pulse number N . We set Ω= 1
2pi
MHz, ∆T=0.04 ms, τ=0.002 ms. As N increases,
the peaks become sharper at repeated frequency { n
∆T
| n ∈ Z}.
Pe´rot (FP) cavity. Here, the effective reflection coefficient R ≡ e−Ω2Γ τ, the effective transmission coefficient
T =1 − e−
(
Ω2
Γ +iδ
)
τ
and the effective free spectral range (FSR) ∆νFSR=
1
∆T . The constructive interference occurs
when δ∆T=2mpi (m ∈ N), otherwise destructive interference occurs. In FIG. S7, we show the signals of 1 − ρ55
that are analogous to the transmission signal of FP cavity, where the constructive interference appears as comb-like
resonant peaks at the frequencies: { n∆T | n ∈ Z}.
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Multi-pulse CPT-Ramsey spectrum in a non-weak bias magnetic field
The above analyses are performed under the condition of |g1 + g2|µBBz/~ FWHM and so that the assumption
of ∆14 ≈ ∆23 ≈ δ is valid. Actually, due to the small difference in two involved Lande´ g factors (g1= − 0.5017 and
g2=0.4997), there is a frequency shift 2|g1 +g2|µBBz/~=5568Bz Hz between the two transitions {|1〉 → |4〉, |2〉 → |3〉}
when a magnetic field Bz is applied. For a weak magnetic field, it only broadens the linewidth. But if the bias
magnetic field is not too weak, the approximation ∆14 ≈ ∆23 becomes invalid, one has to use Eq. S26 instead of
Eq. S28. Therefore the two-photon resonances occur at ∆14=0 or ∆23=0 and each peak splits into two new ones.
In Fig. S8, we show that the analytical results (green line) are well consistent with the experimental signals (blue
dash-dotted line). On one hand, we can eliminate the effects of Lande´ g factors on the clock transition frequency by
averaging the frequencies of two peaks. On the other hand, the frequency difference between two peaks can be used
to measure magnetic field without involving magneto-sensitive transitions.
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FIG. S8: Multi-pulse CPT-Ramsey spectrum in presence of a non-weak bias magnetic field. Each peak splits into
two new ones. Green line is the analytical result of normalized 1 − ρ55, and blue dash-dotted line is the experimental data.
The parameters are chosen as Ω= 2.36
2pi
MHz, ∆T=0.25 ms, τ=2 µs, Bz=0.2 G and N=7.
Numerical Simulation
Generally, one has to numerically solve the optical Bloch equation S8. And we set γ12=γ13=γ24=γ34=γc for
describing the dephasing induced by magnetic-field fluctuation. In our simulation, we assume the population exchange
rate from each ground state γg=0 and the Rabi frequencies are set according to Eq. S9.
According to Eq. S28, (1 − ρ55) |τ→∞∼ A1f(δ) + A2, where A1 and A2 are adjustable coefficients. When the
magnetic field Bz is weak, the average Rabi frequency Ω can be obtained by fitting the central peak of experimental
CPT spectrum using formula A1f(δ) +A2. Eq. S8 can be constructed as
∂
∂t
V (t) =M(t)V (t), (S30)
where M is the time-dependent coefficient matrix, V corresponds to the density matrix ρ being reshaped into one-
dimensional vector. In a short time step t1, M can be regarded as a constant matrix, thus we have
V (t0 + t1) = exp(Mt1)V (t0). (S31)
Comparison between numerical and experimental results
In the experiment, the single-pulse CPT spectrum is collected by sampling and averaging the rear 285 µs of the
preparation pulse of CPT laser, as shown in Fig. S9. Fig. S10 shows the numerical result is consistent with experimental
CPT spectrum.
The multi-pulse interference are implemented by inserting corresponding CPT pulses between CPT-Ramsey pulses
respectively called as preparation and detection. Then one detection pulse starts to be emitted, and the length of the
13
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FIG. S9: Timeing sequence of single-pulse and multi-pulse CPT laser.The preparation pulse is 0.3 ms, integration time
T=0.5 ms and the time of detection pulse τd. For single-pulse CPT, the signal is collected by sampling and averaging the rear
285 µs of preparation pulse. For multi-pulse interference, the equally spaced N pulses are implemented between preparation
pulse and detection pulse. The pulse length τ=2µs and the total integration time T=0.5 ms. When the detection pulse starts
to be emitted. After a delay of 2 µs, the signal is obtained by sampling and averaging the remaining detection pulse. The
sampling rate is 1 MHz.
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FIG. S10: The normalized single-pulse CPT spectrum of experimental signal (blue dots) and the numerical result
(red line) of the normalized 1− ρ55. The parameters used in numerical simulation are set as ±Ωa1,+1= 1√3 Ωb2,±1= 1.252pi MHz,
Bz=0.116 G and γc=
0.012
2pi
MHz.
probe light is τd. The signal is obtained by sampling and averaging this pulse with 2 µs delay. The sampling rate is
1 MHz of both single-pulse and multi-pulse spectrum.
To discuss the γc, we perform the multi-pulse experimental and numerical result. As the Fig. S11 shown, by
comparing the experimental and numerical result, we find they agree better when setting γc=
0.012
2pi MHz.
In order to obtain a better experimental signal, we generally set the detection pulse τd=8 µs and average this
pulse after a delay of 2 µs. However, near the δ=0 the ρ13 and ρ24 can be considered to be rapidly oscillating. These
items will be averaged out if the detection time is long. Therefore the detection pulse is set to τd=3 µs in order to
observe the peaks of these terms.
Comparison between numerical and analytical results
Both numerical and analytical parameters are set as Ωa1,±1=Ω
b
2,±1=Ω=
1.25
2pi MHz, γg=0, γ14=γ23=0, Γ1=Γ2=
1
2Γ,
γc=
0.012
2pi MHz and detection time τd=3 µs. The analytical result is referring to Eq. S25 and Eq. S26. Fig. S12 shows
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FIG. S11: Numerical result (green line for γc=0 and red line for γc=
1.2
2pi
MHz) and experiment (blue dots). The
preparation time is 0.3 ms, total free-evolution time T=0.5 ms and 31 pulses with the length τ= 2 µs is inserted. The length
of detection pulse τd=3µs. The parameters used in numerical simulation are set as ±Ωa1,+1= 1√3 Ωb2,±1= 1.252pi MHz, Bz=0.116
G. The constructive peaks of ρ13 and ρ24 are annotated.
that the numerical results agree with Eq. S25 as well as the Eq. S26, which means the neglect of ρ12, ρ34, ρ13 and ρ24
is feasible when γc is relatively large. However, there are some critical cases, in which {|g1−g2|µB/~=m 1∆T | m ∈ N},
60 40 20 0 20 40 60
0.9990
0.9995
CPT
60 40 20 0 20 40 60
0.9985
0.9990
0.9995 Ramsey
60 40 20 0 20 40 60
0.9985
0.9990
0.9995 N=1
60 40 20 0 20 40 60
0.9985
0.9990
0.9995
1
55
N=3
60 40 20 0 20 40 60
0.9985
0.9990
0.9995
N=7
60 40 20 0 20 40 60
0.9990
0.9995
N=15
60 40 20 0 20 40 60
/2  (kHz)
0.9990
0.9995
( 14) & ( 23)
( 24) ( 13)
N=31
FIG. S12: Numerical (red dash) and analytical result (green line for Eq. S25 and blue line for Eq. S26). The
preparation time is 0.3 ms, total free-evolution time T=0.5 ms and N pulses with the length τ=2 µs is inserted. Bias magnetic
field is set as Bz=0.1 G. During detection pulse, the second sample of 1−ρ55 is collected as the signal. In the last subplot with
N=31, the peaks corresponding to the different components are annotated.
the constructive peaks of σ(∆13) and σ(∆24) will overlay with that of σ(∆14) and σ(∆23) at δ=0. In this specific
15
situation, the approximation of Eq. S16 is not so precise that analytical result has a slight difference with simulated
result (the 3rd subplot) in Fig. S13.
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FIG. S13: Numerical (red dash) and analytical (blue line) signals in different Bz. The preparation time is 0.3 ms,
total free-evolution time T=0.5 ms and 31 pulses with the length 2 µs is inserted. During the detection, the second sample of
1− ρ55 is collected as signal. When Bz=0.091 G, the analytical result has a little difference with numerical result.
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